Both the 25-kDa and 50-kDa domains in myosin subfragment 1 are close to the reactive thiols (benzophenone-4- Communicated by Russell F. Doolittle, May 23, 1986 ABSTRACT The thiol-specific photoactivatable reagent benzophenone-4-iodoacetamide can be incorporated into myosin subfragment 1 (Si), accompanied by an increase of Ca2+-ATPase and the loss of K+-ATPase activities, a characteristic property of S1 when reactive sulfhydryl 1 (SH-1) Is modified. After trypsin cleavage, 25-kDa, 50-kDa, and 20-kDa fragments were found upon NaDodSO4/polyacrylamide gel electrophoresis of the unphotolyzed sample, whereas only the 50-kDa fragment and a 45-kDa fragment appeared In the photolyzed sample, indicating that the NH2-terminal 25-kDa fragment was crosslinked to the COOH-terminal 20-kDa fragment via SH-1. When photolysis 'was carried out in the presence of Mg2+ and ATP or Mg2e and adenosine 5-[,B, imidoltriphosphate (AdoPP[NHJP), a 70-kDa band, attribu-
table to a crosslinked (50 kDa + 20 kDa) species, was also observed. This suggests that the conformational change induced by nucleotide binding reduces the distance between the 50-kDa region and the label on SH-1. Similar results were obtained when labeling and photolysis were carried out on trypsin-nicked S1, in which the 25-kDa, 50-kDa, and 20-kDa fragments are held together noncovalently. Further, when labeling with benzophenone-4-iodoacetamide was carried out in the presence of Mg-ATP, which increases the reactivity of another thiol, presumably SH-2, both 45-kDa and 70-kDa species were formed upon photolysis in the absence of ATP, suggesting that SH-2 is close to the 50-kDa region. More of the 70-kDa species was formed, at the expense of the 45-kDa species, when photolysis was carried out in the presence of Mg-ATP. Partial heat denaturation preferentially reduced the crosslinking between the reactive thiols and the 50-kDa region.
There are two reactive thiols, SH-1 and SH-2, in myosin subfragment 1 (Si) . Modification of SH-1 results in the activation of Ca2+-ATPase activity and the abolition of K+-ATPase activity. Reaction of the second thiol takes place only in the presence of nucleotide and leads to a loss of Ca2+-ATPase activity also (1, 2) . By blocking SH-1 reversibly with fluorodinitrobenzene, Reisler et al. (3) showed that myosin exhibits a smaller increase in Ca2+-ATPase activity when SH-2, instead of SH-1, is modified with N-ethylmaleimide. Thus, a decrease in K+-ATPase indicates the extent of modification of either SH-1 or SH-2, whereas the difference between the increases in Ca2+-ATPase activities reflects which ofthe two thiols has been modified. SH-1 and SH-2 can be crosslinked by a variety of thiol reagents with spans varying from 2 A to 14 A, so that Mg2+-nucleotides, which stimulate the crosslinking reaction, in turn become trapped at the active site (4-6). These observations as well as excitation energy transfer studies (7, 8) , indicate the SH-1 and SH-2 are not directly involved in the binding or hydrolysis of nucleotide.
The heavy chains of S1 can be cleaved into three distinct fragments-25 kDa, 50 kDa, and 20 kDa-upon mild treatment with proteolytic enzymes. The fragments in the nicked S1 remain noncovalently held together, and the ATPase activities and the ability to bind actin remain intact (9) . The order of these fragments in the primary structure (25 kDa-50 kDa-20 kDa) has been established on the basis of partial NH2-terminal analyses (10) . Use of these fragments has allowed localization of some of the sites of functional interest: SH-1 and SH-2 are located in the 20-kDa fragment (11, 12) ; actin preferentially crosslinks to the 20-kDa region and to a lesser extent to the 50-kDa region (13) (14) (15) (16) ; and nucleotide analogs bind to the 25-kDa (17, 18) or 50-kDa region (19, 20) .
Various physicochemical studies indicate that the binding and hydrolysis of nucleotide by myosin are associated with conformational changes of myosin S1 (21) (22) (23) (24) (25) (26) . It has been shown that nucleotide affects the proteolytic susceptibility of the 25-kDa and 50-kDa fragments but not that of the 20-kDa one (27) (28) (29) . To further understand the function-structure relations of myosin, we chose the thiol-specific photoactivatable reagent benzophenone-4-iodoacetamide (BzpAcmI) to localize the sites that are close to the SH-1 and SH-2 region. We found that in the absence of nucleotide, SH-1 and SH-2 can be crosslinked to the 25-kDa and 50-kDa regions, respectively. Moreover, movement within S1 associated with the nucleotide binding is shown by the fact that in the presence of Mg-ATP, SH-1 can be crosslinked to the 50-kDa region.
EXPERIMENTAL PROCEDURES Myosin was prepared from rabbit back muscle, and S1 was made by chymotryptic digestion according to Weeds and Pope (30) . Nicked S1 (T-S1) was made by digestion of S1 with L-i-tosylamido-2-phenylethyl chloromethyl ketone-treated trypsin (Worthington) at a Sl/enzyme ratio of 100:1 (by weight) for 40 min in 20 mM sodium phosphate, pH 7.0/40 mM KCl/i mM CaCl2. The of BzpAcmI); the mixture was then dialyzed against 10 mM Hepes, pH 7.5/40 mM KC1. The labeled samples were kept in the dark until they were photolyzed.
The degree of incorporation of BzpAcm was estimated as follows: The protein concentrations were determined by the biuret assay and by absorbance, using a value of A280 (1 mg/ml, 1 cm) = 7.5 for S1. The molecular weight of S1 was assumed to be 120,000. The molar extinction coefficient of the BzpAcm moiety, E300 = 2.0 x 104 M-1cm-1, was determined on the basis of the spectrum of BzpAcmI in the presence of excess 2-mercaptoethanol. This method is reliable only when a low concentration of BzpAcmI is used, since S1 solutions become cloudy when the BzpAcmI/S1 ratio is 5 mol/mol or higher. The degree of incorporation of BzpAcm was also determined by using [14C]BzpAcmI with a specific activity of 1.4 mCi/mol (1 Ci = 37 BGq). Absorption spectra were obtained with a Beckman spectrophotometer (model 20).
Photolysis was carried out in a Rayonet RPR-100 photochemical reactor equipped with 16 "3500" lamps (Southern New England Ultraviolet, Hamden, CT). Preliminary studies had shown that the crosslinking reaction took place within 2 min. To ensure the completion of the crosslinking process, samples were routinely photolyzed for 10 min at 40C. NaDodSO4/polyacrylamide gel electrophoresis analyses were carried out with a home-made minigel apparatus. Gels (0.25 x 4 x 8 cm) contained 7.5% acrylamide; runs were made in Tris/bicine buffer. Gels were scanned on a Zeineh densitometer using a laser beam.
RESULTS
On addition of increasing amounts of BzpAcmI to S1, the Ca2+-ATPase activity increased to a maximum at a stoichiometry of about 1:1, while the K+-ATPase became inhibited with essentially the same stoichiometry (Fig. 1 Upper) , indicating that SH-1 had been preferentially labeled. When the labeling was carried out in the presence of nucleotide (Mg-ATP), the total amount of BzpAcm incorporated did not change (Fig. 1 Lower) but the increase in Ca2+-ATPase activity was smaller ( Fig. 1 Upper) than S1 that had been labeled in the absence of nucleotide, suggesting that some of SH-2 had been labeled. S1 containing a nearly stoichiometric amount of BzpAcm was subjected to photolysis in the absence of ATP and examined by NaDodSO4/PAGE. The majority of the heavy chains had a lower mobility than unlabeled heavy chains and the light chains remained unchanged (Fig. 2, lane d) . Upon trypsin cleavage, 20-kDa, 25-kDa, and 50-kDa bands were obtained from unmodified or unphotolyzed S1 (Fig. 2, lanes  b and e) , whereas 50-kDa and 45-kDa bands were found in the crosslinked sample (Fig. 2, lane f) . The absence ofthe 20-kDa and 25-kDa bands and the presence of a 45-kDa band suggest that the latter corresponds to the 20-kDa region crosslinked to the 25-kDa region via SH-1. When photolysis was carried out in the presence of Mg-ATP, the relative amount of the fast-moving heavy chain increased (Fig. 2, lane h) . Most of the heavy chains were crosslinked as when photolysis was carried out in the absence of Mg-ATP, since little of the 20-kDa fragment was found in the tryptic digest (Fig. 2, lane  j) . However, a 70-kDa band, attributable to a crosslinked species (20 kDa + 50 kDa), was observed in addition to the 45-kDa and 50-kDa bands (Fig. 2, lane j) . It seems that the heavy chain containing a crosslink between the 20-kDa and 50-kDa region has a mobility similar to that of uncrosslinked heavy chain. By use of a different gel system, the heavy To further demonstrate that the 45-kDa and 70-kDa bands are indeed crosslinked material, not uncleaved fragments, trypsin-nicked S1 (T-Sl) was labeled with BzpAcmI under similar conditions. Upon photolysis, both the 20-kDa and 25-kDa fragments disappeared and a new, 45-kDa band appeared on NaDodSO4/PAGE (Fig. 3, lane e) , indicating that the 25-kDa region was crosslinked to the 20-kDa region via SH-1. When photolysis was carried out in the presence of Mg-ATP, a 70-kDa band also appeared (Fig. 3, lane t) , suggesting that at least a part of the 50-kDa region was close to SH-1 in the presence of the nucleotide.
When Mg-ATP was present during the labeling of T-S1 and photolysis was carried out after the removal of nucleotide by dialysis, a 70-kDa band was seen in addition to the 45 kDa band (Fig. 3, lane h) , indicating that another thiol (presumably SH-2), modified in the presence of nucleotide, formed a crosslink with the 50-kDa region. When Mg-ATP was present during photolysis, more of the 70-kDa species was formed, at the expense ofthe 45-kDa one, as shown by the fact that some of the 25-kDa fragment was not crosslinked (Fig. 3, lane i) .
The effect of Mg2" plus adenosine 5'-[13,y-timido]triphosphate (AdoPP[NH]P) on BzpAcm-labeled T-S1 was similar to that of Mg-ATP: it promoted the formation ofthe crosslink between the 20-kDa and 50-kDa regions (Fig. 4, lanes c and   d) . Neither Mg2' nor ATP alone could change the 20-kDa/25-kDa crosslinking to the 20-kDa/50-kDa crosslinking (Fig. 4,   lanes g and h) .
Incubation of the modified protein at 40°C for different periods of time before photolysis had little effect on the crosslinking between the 20-kDa and 25-kDa fragments (Fig.  5, lanes I) , whereas the crosslinking between the 20-kDa and 50-kDa fragments decreased quickly as the incubation time increased (Fig. 5, lanes II) . When nucleotide was present during the incubation, the structure was somewhat preserved and a substantial amount of the 70-kDa band was found even after 30 min of incubation (Fig. 5, lanes III) .
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DISCUSSION
Based on the Ca2+-ATPase and K+-ATPase activity, it is clear that SH-1 is preferentially labeled by BzpAcmI in the absence of nucleotide, whereas both SH-1 and another thiol, presumably SH-2, are reactive in the presence of nucleotide.
More thiols became modified at higher concentrations of BzpAcmI, although the crosslinking patterns remained the same; this suggests that only labels at the first two reactive thiols are crosslinkable. Total incorporation did not increase in the presence of nucleotide and doubly crosslinked species were rare; these observations suggest that either SH-1 or SH-2, but not both, is modified under the conditions we used. This would also explain our unsuccessful attempts to label the second thiol specifically by blocking SH-1 with iodoacetamide,
BzpAcm-modified SH-1 could be crosslinked to the 25-kDa region with high efficiency, which clearly shows that one segment of the 25-kDa region is close to SH-1 (Fig. 6 Left). The presence of nucleotide during photolysis promoted the crosslinking between the 50-kDa and 20-kDa regions at the expense of that between the 25-kDa and 20-kDa regions, suggesting that the conformational change induced by nucleotide binding reduces the distance between the 50-kDa region and the label on SH-1 (Fig. 6 Right).
In the presence of Mg-ATP another thiol, presumably SH-2, became reactive with BzpAcml, but probably SH-1 remained the most reactive one. The involvement of any of the thiols of the 25-kDa or 50-kDa regions was ruled out because radioactivity was detected only in the 20-kDa frag- reactivity between SH-1 and SH-2 await the isolation and identification of the peptides that were crosslinked. The fact that the 50-kDa region could be crosslinked to the 20-kDa region in the absence of nucleotide when the labeling had been carried out in the presence of Mg-ATP suggests that part of the 50-kDa region is close to another thiol of the 20-kDa region, presumably SH-2 (Fig. 6) . It is unclear whether or not the 25-kDa region is crosslinkable to the 20-kDa region via a thiol other than SH-1 under these conditions.
Although the 25-kDa region can be crosslinked to SH-1 in either the presence or the absence of Mg-ATP, it is unclear whether the same part of the 25-kDa region is involved in the two cases, since the crosslinking site(s) was not identified. The finding that SH-1 becomes crosslinkable to either the 25-kDa or the 50-kDa region is consistent with the earlier reports that a spin label attached to SH-1 is more mobile in the presence of nucleotide (22, 23) and that the crosslinking between SH-1 and SH-2 is accelerated by the presence of nucleotide (5, 6) . The observation that Mg-AdoPP[NH]P has an effect similar to that of Mg-ATP shows that an active ATPase cycle is not necessary to make the 50-kDa region crosslinkable to SH-1.
Heat denaturation preferentially reduces the crosslinking between the 20-kDa and 50-kDa fragments, which suggests that the interaction between the 20-kDa and 50-kDa regions is less stable than that between the 20-kDa and 25-kDa regions. That ATP prevents the effect of heat denaturation is consistent with the earlier finding that the increase of proteolytic susceptibility of the 50-kDa and 25-kDa regions due to heat denaturation is reversed by the presence of a nucleotide (28) .
Mornet et al. (31) have recently reported that crosslinking between SH-1 and a thiol in the 50-kDa region was achieved by dibromobimane; the presence of Mg-ATP was necessary under their experimental conditions to prevent dimer formation. Their result is consistent with our finding that the 20-kDa region was crosslinked to the 50-kDa region in the presence of nucleotide, but their reagent did not form any crosslink between the 20-kDa and 25-kDa regions.
Excitation energy transfer studies have shown that reactive thiols are too far from the ATPase site to be directly involved in binding (7, 8) . Trp-130 in the 25-kDa region is the major site of labeling by the nucleotide analog N-(4-azido-2-nitrophenyl)-2-aminoethyl triphosphate (18) . The relationship between the ATPase site and the reactive thiols remains to be determined. The identification of the sites in the primary structure on the 25-kDa and 50-kDa regions that are crosslinked to the reactive thiols in the absence ofnucleotide, as well as the site on the 50-kDa region that is involved in crosslinking with SH-1 in the presence of Mg-ATP, will throw further light on the three-dimensional structure of the myosin head.
